African wild dogs (Lycaon pictus) are endangered, having disappeared from many areas where other large carnivore species have persisted. The relative vulnerability of this species has been attributed variously to its disproportionate exposure to anthropogenic threats, limitation by larger competing predators, and Allee effects caused by obligate cooperative breeding. The natural recovery of a wild dog population living on private and community land in northern Kenya provided an opportunity to investigate these potential constraints on population growth. Within a decade the population increased from near-extinction to become the 6th largest in the world. Rates and causes of mortality, and reproductive rates, were similar on community lands, where people and livestock were abundant but competing predators suppressed, and on commercial ranches, where human and livestock densities were lower but competitors more abundant. Larger packs produced larger litters, indicating a component Allee effect. However, because pack size was unrelated to population size, growth of the population was not impeded at low densities; that is, no demographic Allee effect was detectable. These results show that, despite earlier concerns, wild dogs can achieve rapid population recovery, even in a humandominated landscape. This recovery was probably facilitated by local pastoralist traditions, which combine vigilant herding of livestock with little or no hunting of wild prey. This success might be replicated in other areas where traditional pastoralism is still practiced.
Most large carnivore species have experienced major declines and depend on conservation management for their persistence. The African wild dog (Lycaon pictus) is one such species; formerly very widespread, it now occupies just 7% of its former geographic range (International Union for the Conservation of Nature/Species Survival Commission [IUCN/SSC] 2008 , 2009 ). The endangered status of wild dogs is paradoxical, because they possess several life-history characteristics expected to promote population resiliency. They are highly fecund (Fuller et al. 1992a ) and able to disperse long distances to colonize new areas (Fuller et al. 1992b ). Related species with superficially similar traits, such as gray wolves (Canis lupus) and coyotes (Canis latrans), have been able to mount impressive population expansions (Gompper 2002; Mech 1995; Valiere et al. 2003 ), yet recoveries of wild dog populations rarely have been reported.
Three suites of factors have been proposed as likely to hinder wild dog recovery. First, a number of anthropogenic factors have contributed to the decline of wild dogs and are expected to impede recovery of the species. As habitat becomes fragmented, wild dogs are exposed increasingly to accidental snaring, killing in retaliation for predation on livestock and farmed game, road accidents, and domestic dog diseases (Woodroffe et al. 2007a ). The wide-ranging behavior of wild dogs increases their risk of encountering human activities and hence appears to elevate their vulnerability to local extinction (Woodroffe and Ginsberg 1998) .
Second, there is evidence to suggest that wild dog populations are limited by interactions with larger carnivores (Creel and Creel 1996; Mills and Gorman 1997) . Predation (mostly by lions [Panthera leo] and spotted hyenas [Crocuta crocuta]) is the most important cause of natural mortality in wild dogs (Woodroffe et al. 2007a) , and hyenas also compete for wild dog kills (Fanshawe and FitzGibbon 1993) . These interactions appear strong enough to suppress population size of wild dogs and promote extinction risk (Creel and Creel 1996; Vucetich and Creel 1999) ; hence they also might be expected to hinder population recovery. w w w . m a m m a l o g y . o r g Finally, it has been suggested that the capacity of wild dogs for population recovery might be limited intrinsically by their cooperative behavior (Courchamp et al. 2000a; Courchamp and Macdonald 2001) . Larger packs experience a number of fitness benefits (Courchamp and Macdonald 2001) , including more efficient hunting (Creel and Creel 1995; Rasmussen et al. 2008 ) and improved pup production and survival, despite reproduction being restricted usually to 1 female in each pack (Buettner et al. 2007; Malcolm and Marten 1982; McNutt and Silk 2008) . These positive effects of pack size on fitnesswhich represent a ''component Allee effect'' (Stephens et al. 1999 )-have led to the suggestion that both survival and reproduction might be compromised below some critical pack size (Courchamp et al. 2000a) . If small populations are composed of small packs, such effects might impede the growth of small populations, generating a ''demographic Allee effect'' (Stephens et al. 1999) .
These 3 suites of hypothesized constraints on wild dog recovery are not exclusive; all possible combinations have been proposed as threats (Courchamp et al. 2000a (Courchamp et al. , 2000b Woodroffe 2003) . Nevertheless, it is helpful to evaluate their relative importance, because they have differing implications for management. For example, if coexistence with larger carnivores increases extinction risk (Vucetich and Creel 1999) , this might focus conservation efforts outside protected areas where competitors are depleted; yet such efforts might fail if coexistence with people constitutes the greatest threat.
I describe the recovery of a wild dog population following natural recolonization of unprotected rangelands in northern Kenya, characterizing key demographic variables such as mortality and fecundity. I explore the potential impacts of people and competing predators on population recovery by comparing demographic parameters in 2 land-use types with different human densities and hence differing densities of competing predators. I seek evidence of component Allee effects by comparing demographic parameters with pack size and assess demographic Allee effects by investigating these parameters at a range of population densities.
MATERIALS AND METHODS
Study area.-This study was conducted in 2000-2008 in northern Kenya, in Laikipia District (0u69N, 37u29E, 1,800 m above sea level), and parts of neighboring Samburu and Isiolo districts (Fig. 1) . The area is mainly semiarid bushland and savanna used for subsistence pastoralism, commercial ranching, and tourism. Mean annual rainfall is 590 mm; rainy periods vary in their timing and intensity, with little consistent seasonality. Wildlife is abundant in some areas, but livestock outnumber wild ungulates throughout the region (Khaemba et al. 2001) . Wild dogs disappeared from the study area (for uncertain reasons) in the early 1980s but began to recolonize in the 1990s. Main prey species are dikdiks (Madoqua spp., 70% of prey biomass) and impala (Aepyceros melampus, 11% of prey biomass- Woodroffe et al. 2007b ), but livestock are taken occasionally, causing intermittent conflict with farmers .
The 12,000-km 2 study area comprises 2 main land-use types, which represent contrasting conditions for wild dogs. The southwestern portion of the area (roughly 3,000 km 2 ) supports a nearly contiguous block of privately owned commercial ranches (Fig. 1) , and most of the remaining 9,000 km 2 is occupied by Samburu and Masai pastoralists (community lands). Anthropogenic threats are likely to be greater on community lands, where human and livestock densities are substantially higher than on commercial ranches (Khaemba et al. 2001) . Approximately one-third of the community land (about 3,000 km 2 ) is avoided by wild dogs (Woodroffe 2011 ) and apparently unsuitable, probably because overgrazing leads to very low densities of wild prey. Opportunities for interaction with larger carnivores are greater on commercial ranches than on community lands, where lions are virtually absent (Frank et al. 2005 ) and hyenas substantially suppressed (S. Dolrenry, University of Wisconsin, pers. comm.). Impala densities likewise are reduced on community lands relative to commercial ranches (Woodroffe et al. 2007b) .
Monitoring of radiocollared packs.-In 2001-2008 80 wild dogs in 19 packs were fitted with mortality-sensing very-highfrequency radiocollars (Telonics, Mesa, Arizona) to facilitate monitoring. Most wild dogs were captured by darting from a vehicle at distances of 10-20 m. Where terrain severely restricted vehicle access to pack home ranges (mainly on community lands), wild dogs were caught in rubber-padded leghold traps set on paths approaching active dens. This method caused no detectable injuries in the majority of captured animals, and only minor cuts or abrasions in the remainder. Trapping had no detectable effects on either pup survival or the probability of the pack moving den sites. Nevertheless, trapping was avoided wherever possible. All captured wild dogs were immobilized with approximately 26 mg/kg of medetomidine (Domitor; Pfizer Animal Health, Walton Oaks, Surrey, United Kingdom) and approximately 2.6 mg/kg of ketamine, and reversed with approximately 130 mg/kg of atipamezole (Antisedan; Pfizer Animal Health). Wild dogs were captured and handled in collaboration with the Kenya Wildlife Service, with permission from the Kenyan Ministry of Science and Technology, according to guidelines of the IUCN/SSC Canid Specialist Group and in conformity with the guidelines of the American Society of Mammalogists (Gannon et al. 2007) , following a protocol approved by the Animal Care and Use Committee of the University of California, Davis (the author's previous institution), and the Ethics Committee of the Zoological Society of London.
With the exception of population size estimates, demographic data refer only to packs including 1 or more radiocollared members (hereafter termed collared packs). Collars were used to locate packs for monitoring of pack size, composition, and breeding status. Of 19 packs studied, 11 were found almost exclusively on commercial ranches and 8 were found almost exclusively on community lands. On commercial ranches packs could be approached to close range by vehicle, allowing identification of individual pack members from their unique pelage patterns (Maddock and Mills 1994) . On community lands lack of vehicle access meant that observations were performed on foot and hence at much greater distances, precluding identification of uncollared individuals.
Pack members were classified as pups (,1 year old), yearlings (1 year, ,2 years old), and adults (2 years old). Pups were readily distinguishable from older animals until about 9 months of age; thereafter, they could be recognized reliably only by individual identification. Younger yearlings also could be identified during handling through examination of body dimensions and tooth wear. No attempts were made to estimate the ages of individuals not 1st identified as pups or yearlings. Dates of birth were estimated to within a few days, as the date each pack started to restrict its movements to the vicinity of a den; usually such observations of denning were preceded by sightings of a heavily pregnant alpha female. Conception was estimated to occur 72 days before birth. Litter sizes were determined after pups no longer were confined to a den (aged about 3 months); counts of younger pups rarely were attempted because almost always dens were located in dense vegetation on rocky escarpments, and few could be approached without risking disturbance. The date of leaving the den was considered the start of a new pack-year, which ended when the subsequent den was abandoned. These packyears-which lasted 329 days on average (SD 5 56 days, range 5 212-452 days)-provided a biologically meaningful way of measuring time in a population that does not show seasonal reproduction (probably because weather conditions are not distinctly seasonal). Pack size-defined as the number of adults and yearlings in each pack-was measured at the start of each pack-year. Dominant (alpha) females were readily recognized by evidence of pregnancy or lactation when no other females in the pack showed such signs, usually in successive pack-years; regularly resting with the same (alpha) male, often slightly apart from the remainder of the pack; their urine and feces eliciting substantial interest from other pack members, often including overmarking by the alpha male; or a combination of these factors. All other female pack members were considered subdominant.
The survival of radiocollared animals was monitored through aerial and ground-based telemetry. Mortality signals were investigated immediately and necropsies performed on any carcasses retrieved. Wide searches were conducted by aircraft for missing animals. Nevertheless, 5 dispersal groups (single-sex groups of young animals seeking breeding opportunities) were lost before they settled in new home ranges.
Population size and extent.-For each calendar year crude estimates of population size were derived using sightings of collared and uncollared packs (Fig. 1A) . Like pack size, population size refers to numbers of adults and yearlings but excludes pups. The size of each collared pack was recorded as described above. The size and approximate home-range locations of uncollared packs were estimated subjectively using sightings by project staff or other reliable observers such as experienced tour guides and trained field scouts. To be conservative, multiple sightings from a localized area were assumed to involve the same pack unless repeated, consistent reports were made of .1 pack composition in the same area (e.g., 12 adults and 10 pups, plus 3 adults and 7 pups). Reports of small numbers of animals were assumed to be sightings of incomplete packs (as can occur in dense bush) or dispersal groups, unless sighted repeatedly and consistently in the same area over several months. Dispersal groups were excluded from population estimates to avoid double counting of animals that also might have been recorded in established packs during the same calendar year. Where the number of animals sighted was reported without an age structure (e.g., 22 dogs sighted), numbers were halved to account for the likely presence of pups. Although the method used was necessarily subjective, methodology was consistent across years, and the resulting estimates probably reflect true population size.
The area confirmed occupied by wild dogs in each calendar year was estimated by counting the number of 5 3 5-km grid cells in the study area within which wild dogs were recorded (through sightings or telemetry locations; Fig. 1B ). This gave a minimum estimate of the area occupied. A measure of local population density was calculated by dividing each year's estimate of population size by the corresponding estimate of area occupied. This measure consistently will overestimate true population density because the denominator is a minimum estimate. For comparison with other studies population density also was estimated using the area of suitable habitat (9,000 km 2 ) as the denominator. Data analysis.-Regression analyses were used to compare estimates of population size, area occupied, local population density, and population growth across calendar years. Following Ginsberg et al. (1995) , population growth was expressed as ln(N t+1 /N t ), where N t is population size at time t years. Linear regression models were fitted, except where addition of a quadratic term significantly improved model fit.
Key demographic variables were compared according to land-use type (to investigate effects of people and competing predators), pack size (to investigate component Allee effects), and population density (to investigate demographic Allee effects). Because the study population was growing, time since 1 January 2001 was used as a proxy for population density. Because packs tend to increase in size over time (McNutt and Silk 2008) , effects of time and pack size potentially could be confounded. I therefore also investigated effects of pack age, measured as the number of pack-years since each pack was formed. Dates of pack formation were known for 8 packs, and 6 other packs were recognized as newly formed because all their members, including alpha females, were young (as indicated by very light tooth wear, n 5 4) or because they occupied parts of the study areas where wild dogs had not been resident for many years (n 5 2, both at the very start of the study).
Pup production was compared according to land-use type, pack size, and time since 2001 by fitting linear mixed models to the data using the residual maximum likelihood method (Shaw 1987) , accounting for repeated measures from the same pack by including pack identity as a random effect. Because effects of these variables might be obscured by variation in the numbers of females breeding, this factor also was explored. The same predictor variables were compared with pup survival to 6 and 12 months, using logistic regression with pack identity included as a fixed effect. Because effects of these variables might be obscured by environmental variation, following Buettner et al. (2007) , pup survival also was compared with rainfall and dryness (defined as the number of days without rainfall) in the first 6 or 12 months of life, as appropriate. Each independent variable was 1st included in a model with pack identity only; all variables with P 0.15 were then entered into multivariate analyses, eliminating them sequentially until only statistically significant predictors remained.
Annual mortality among the 80 radiocollared animals was estimated using an extension of the Kaplan-Meier procedure to permit staggered entry of animals (Pollock et al. 1989 ). Data were censored if animals survived to the end of the study (31 December 2008, n 5 27), were lost from the study area (n 5 5), or if their collars expired (n 5 10), failed (n 5 2), or were dropped (n 5 2). Mortality rates of different groups of animals (e.g., males and females) were compared using logrank tests (Pollock et al. 1989) . Population-wide analyses were restricted to radiocollared animals, because uncollared animals could not be recognized individually on community lands. However, because the sample size for collared yearlings was relatively small (in terms of dog-years at risk), a 2nd estimate of yearling mortality was obtained by analyzing the fates of 30 individually identified yearlings on commercial ranches, of which 20 were uncollared. Single animals that disappeared were assumed to have died, as was an uncollared male that disappeared at the same time that collared members of the same pack died from disease. In primary analyses animals that disappeared in groups (of 2-4) were assumed to have dispersed, and therefore data were censored. In an alternative (more conservative) analysis all yearlings that disappeared were assumed to have died. Mortality rates are reported with exact binomial 95% confidence intervals (95% CIs).
Estimates of vital rates (survival and reproduction) were used to analyze expected population dynamics by constructing a simple matrix population model. Age classes 2 years were collapsed to a single class (Caswell 2001) , because many adults were of uncertain age. Reproductive rates measured in pack-years were converted to 12-month periods for inclusion in this model. The matrix was analyzed using POPTOOLS software (http://www.cse.csiro.au/poptools/) to estimate the annual rate of population change (l; note that this measure is distinct from the rate of population growth calculated from empirical estimates of population size). The elasticity and sensitivity of l to changing vital rates were also estimated; these indicate the change in l expected by small proportional (elasticity) or absolute (sensitivity) changes in each vital rate.
RESULTS
Population increase.-The study population increased markedly over time. Wild dogs had disappeared from Laikipia District (in the southwestern portion of the study area; Fig. 1 ) in the early 1980s, returning to breed there again in 2000. Reports from pastoralists in the Mathews Range (in the northeastern portion of the study area; Fig. 1) suggest that a very small number of wild dogs might have resided there throughout the 1990s but that sighting frequency increased markedly toward the end of that decade (Rhodes 2001) . This apparent increase in the Mathews Range coincides with the reappearance of wild dogs in Laikipia. Population size continued to increase from 2000 onward ( Fig. 2 ; adults and yearlings, linear regression: slope 5 33.1, t 6 5 13.74, P , 0.001). The area occupied (in km 2 ) also expanded over time, although at a decelerating rate (quadratic regression: linear coefficient 5 288.1, t 5 5 7.40, P , 0.001; quadratic coefficient 5 257.7, t 5 5 2.96, P 5 0.031), and population density increased within the occupied area (adults and yearlings/100 km 2 , linear regression: slope 5 0.56, t 6 5 6.54, P , 0.001). A marginally nonsignificant trend suggested that the rate of population growth might have been related negatively to population size (linear regression: slope 5 20.0016, t 6 5 2.14, P 5 0.076). The estimated density of wild dogs in suitable habitat rose from 0.6 adults and yearlings/ 100 km 2 in 2000 to 3.3/100 km 2 in 2008. Because population density increased over time, subsequent analyses use time (since 1 January 2001) as a proxy for density.
Pack size.-Mean pack size was very similar on commercial ranches (X 5 9.1, SD 5 3.9, range 5 4-21) and community lands (X 5 9.1, SD 5 3.9, range 5 3-14). Pack size increased with pack age (residual maximum likelihood models including pack identity as a random effect; effect of pack age in packyears for 8 packs whose formation dates were known: estimate 5 0.59, t 11 5 2.63, P 5 0.024; same analysis for 14 packs total, including 6 additional packs whose formation dates were estimated: estimate 5 0.92, t 25.4 5 3.48, P 5 0.002). No significant change in pack size occurred over time once pack age, which was correlated with time, had been accounted for ( Fig. 2 ; effect of years since 1 January 2001 for 8 known-age packs: estimate 5 0.11, t 5 5 0.33, P 5 0.75; effect of pack age: estimate 5 0.51, t 5.8 5 1.67, P 5 0.147; same analysis for 14 known-and estimated-age packs, effect of years since 1 January 2001: estimate 5 20.05, t 23.6 5 0.19, P 5 0.85; effect of pack age: estimate 5 0.94, t 19.6 5 3.47, P 5 0.003).
Sex ratio.-Full pack composition could be determined for 10 packs in a total of 23 pack-years; these contained 126 adults (aged 2 years), of which 71 (56%) were male. Of 52 yearlings whose sex could be determined with confidence, 30 (58%) were male. Of 80 yearlings and adults radiocollared in the course of the project, 44 (55%) were male. None of these sex ratios differs significantly from 1:1 (adults: x 5 0.80, P 5 0.37).
Fecundity.-Three females that reached alpha status and bred for the 1st time at known age were 28, 31, and 39 months old at the time of their 1st conception. Three alpha females in newly formed packs conceived within 10 days of pack formation, and 2 conceived within 70 days. A 6th female conceived 9 months after pack formation; she was subdominant at the time the pack formed, but the original alpha female failed to breed. A 7th female ascended to alpha status after the death of her mother (the only time this was observed in the study) and conceived within 3 days.
Two litters were born to subdominant females out of synchrony with alpha females; both were abandoned within 6 weeks. Of 30 breeding attempts by alpha females, 7 also involved a subdominant female with a litter in the same or a nearby den. A marginally nonsignificant trend suggests that the probability of concurrent subdominant female breeding might have been higher on community land (4 of 9 pack breeding attempts) than on commercial ranches (3 of 21 attempts; Fisher exact P 5 0.082). Members of these concurrent litters could not be distinguished once packs left their dens; pups produced during a pack breeding attempt are therefore termed a cohort. In 23 pack-years for which full composition was known, packs contained an average of 2.4 adult females (SD 5 1.2, range 5 1-5), which produced a total of 22 cohorts, indicating 0.4 cohorts per adult female.
The mean interval between successive cohorts within a pack was 333 days (SD 5 52 days, range 5 226-438 days), significantly ,1 year (1-sample t-test: t 26 5 3.19, P 5 0.004). These interbirth intervals were similar in the 2 land uses, were unrelated to pack size, and did not change over time (residual maximum likelihood analyses including pack identity as a random effect; effect of land use: t 7 5 0.64, P 5 0.54; effect of pack size: t 20.2 5 0.17, P 5 0.86; effect of time since 1 January 2001: t 17.7 5 0.70, P 5 0.49).
Pups were 1st counted at an average age of 114 days (SD 5 32 days, range 5 73-218 days). For breeding attempts that produced pups, the average cohort size on leaving the den was 7.3 (SD 5 2.9, range 5 2-14, n 5 35 cohorts; X 5 6.9 if the estimate includes 2 occasions when alpha females became visibly pregnant, used a den, but then emerged 10-26 days later with no surviving pups). Cohort size on leaving the den was positively related to pack size and to the age of the pups when 1st counted (residual maximum likelihood analysis including pack identity as a random effect; effect of pup age: t 30.8 5 2.60, P 5 0.014; effect of pack size: t 30.3 5 2.89, P 5 0.007; Fig. 3 ). The positive effect of pup age probably reflects the difficulty of counting large cohorts, with several attempts often needed to achieve a reliable count. The fit of this model was not improved by adding variables describing land use (t 13.1 5 0.56, P 5 0.58), time since 1 January 2001 (t 26.1 5 1.54, P 5 0.14), or the presence of a subdominant breeding female (t 18.7 5 0.06, P 5 0.95). Although cohort size was correlated positively with pack size, pups were raised successfully by packs of all sizes, including 2 groups of 3, 1 group of 4, and 3 groups of 5. Only 2 breeding attempts produced no surviving pups; these were in packs numbering 6 and 10 adults and yearlings.
Pup survival.-Pup survival was assessed by comparing cohort size on leaving the den with that when pups were roughly 6 months old. Sightings used for these analyses occurred, on average, when pups were 207 days old (SD 5 26 days, range 5 160-275 days). Survival to this age could be estimated for 26 cohorts, which comprised 187 pups postdenning; of these, 161 (86%) survived to 6 months. The reduction in cohort size over this period was greatest for cohorts that were counted later (logistic regression including pack identity as a fixed effect, effect of pup age when counted at roughly 6 months: odds ratio 0.97, x 2 1 5 4.14, P 5 0.042). After adjusting for this predictor variable I found no effects on pup survival of land-use type (x Pup survival to 12 months was assessed by comparing cohort size on leaving the den with that when the cohort was roughly 12 months old. Sightings used for these analyses occurred, on average, at 425 days of age (SD 5 33 days, range 5 372-481 days). Survival to this age could be estimated for 13 cohorts from 5 packs, all on commercial ranches. Of 91 pups alive postdenning (of which 78 were alive at 6 months), 65 (71%) survived to 12 months. Survival was higher for larger cohorts (logistic regression including pack identity as a fixed effect, effect of cohort size at 3 months as a continuous variable: odds ratio 1.51, x Mortality.-Radiocollared adults and yearlings experienced similar mortality rates, although the sample size for yearlings was small (adults 28.8%, 95% CI 5 20.4-38.4%, 89.6 dogyears; yearlings 30.9%, 95% CI 5 9.5-61.1%, 11.0 dogyears; x 2 1 5 0.13, P 5 0.72). A separate analysis of the fates of 30 individually identified yearlings (20 uncollared) on commercial ranches (total 26.5 dog-years) gave an estimated annual mortality rate of 14.0% (95% CI 5 4.0-32.0%), or 33.9% (95% CI 5 18.7-52.4%) if 7 dispersers of unknown fate (of 12 yearling dispersers) are conservatively assumed to have died.
No difference was found between the mortality rates of radiocollared males and females, either for adults (males 33.0%, 95% CI 5 20.8-47.4%, 43.1 dog-years; females 24.6%, 95% CI 5 14.0-38.4%, 46.5 dog-years; x 5.5 dog-years; females 0%, 95% CI 5 0-48.9%, 5.5 dogyears; x 2 1 5 1.99, P 5 0.16). The average rate of annual mortality of radiocollared adults and yearlings combined was 29.0% (95% CI 5 21.1-38.1%). Mortality rates were similar for animals residing in small packs (defined as 5 adults and yearlings; 31.8%, 95% CI 5 11.7-59.2%, 13.3 dog-years) and in larger packs (.5 adults and yearlings; 28.8%, 95% CI 5 20.2-38.8%, 83.7 dog-years; x 2 1 5 0.70, P 5 0.40). The annual mortality rate of wild dogs living mainly on commercial ranches (27.6%, 95% CI 5 18.3-38.7%, 68.9 dog-years) was similar to that of dogs living mainly on community lands (32.0%, 95% CI 5 18.0-49.0%, 31.7 dog-years; x 2 1 5 0.25, P 5 0.62). Mortality was elevated in 2006, but subsequently recovered. No evidence was found for any temporal trend in mortality (Fig. 4) .
Mortality causes were similar on commercial ranches and community lands (Table 1) . Predator-related deaths were attributed to leopards (4), hyenas (3), and lions (2). No evidence was found of temporal trends in rates of mortality due to any specific causes.
Pack extinction.-In 3 packs (numbering 6, 12, and 14 adults and yearlings) all collared animals died over periods of 2-4 months in 2006, with disease confirmed (from necropsy samples) or suspected (from clinical signs before death) as the cause of at least some of the deaths, and evidence to suggest whole packs might have succumbed. Another 3 packs (numbering 5, 10, and 13) disbanded, 2 following the death of the alpha female, the other for unknown reasons. Mean size of these extinct and failed packs (10.0 6 3.7 SD) was similar to the population average.
Population projection.-The population model considered both commercial ranches and community lands because no significant differences were detected between vital rates in the 2 land uses. Analysis of this model gave l 5 1.21. Estimates of elasticity and sensitivity (Fig. 5) suggest that, in this population, small changes in adult mortality had the greatest effect on l. Population increase (l . 1) still was projected when analyses were repeated using the lower 95% confidence limit of each vital rate.
DISCUSSION
This wild dog population experienced marked growth over the period of the study, indicated both by empirical estimates of population size and by demographic model projections. In less than a decade (,3 generations) the population recovered from very low numbers to become the 6th largest wild dog population in the world (IUCN/SSC 2008 , 2009 ). The recovery involved both recolonization of vacant land and rising density in occupied habitat, with the population becoming resilient enough to persist through an episode of high mortality in 2006. The rate of population growth was similar to that recorded in recovering populations of gray wolves (Hayes and Harestad 2000; Pletscher et al. 1997) .
Although this study witnessed a period of population growth, wild dogs appear to have remained at very low numbers during the preceding decade. Wild dogs were sighted intermittently in the Mathews Range throughout the 1990s (Rhodes 2001) , with occasional reports of dispersal groups in Laikipia (R. Woodroffe, pers. obs.), but the recovery did not become apparent until the end of the decade. It is possible that, as Somers et al. (2008) found, a paucity of dispersers limited the availability of mates, preventing the formation of new packs and consequent population growth. By the time systematic monitoring began, the population had already exceeded the Road kill 0 (0%) 0( 0 %) 0 % (0-5.3%) 0 % (0-11.0%) 5 (63%) 5 (28%) Deliberately killed by people 3 (14%) 2 (17%) 4.3% (0.8-12.0%) 6.1% (0.7-20.5%)
5.6% (1.5-13.8%) 6.1% (0.7-20.5%) 2 (25%) 1( 6 %) Other wild dogs 4 (18%) 0( 0 %) 5.6% (1.5-13.8%) 0 % (0-11.0%) 0 ( 0 %) 0( 0 %) Natural injury 1 (5%) 1( 8 %) threshold of 4 packs that Somers et al. (2008) found to coincide with population expansion. Alternatively, conflict with people might have reduced disperser survival during the 1990s, until public awareness of the endangered status of wild dogs increased following the establishment of a predator conservation program in the region (Frank et al. 2005) . Demographic parameters for this population were broadly comparable with those for wild dog populations studied elsewhere, mainly inside protected areas (Table 2) . Vital rates were similar to those in the Selous Game Reserve, Tanzania (Creel and Creel 2002) . The more rapid increase of this population (l 5 1.21) relative to Selous (l 5 1.04) appears to reflect a higher proportion of females breeding. Of all females aged 2 years, 42% were alphas in this study compared with 25% in Selous (Creel and Creel 2002) . This greater proportion of alpha females probably reflects smaller pack size in this study (X 5 9.1 versus 12.6).
The observation that, as elsewhere (Creel et al. 1998; Malcolm and Marten 1982; McNutt and Silk 2008; Rasmussen et al. 2008) , larger packs raised greater numbers of pups provides evidence of a component Allee effect (Stephens et al. 1999) . Nevertheless, although small packs raised fewer pups than did larger packs, even the smallest packs successfully raised some pups and thus increased in size. Moreover, adult mortality was unrelated to pack size, and neither breeding failure nor pack extinction appeared more frequent in smaller packs. Hence, no evidence was found of a critical pack size below which either reproduction or pack survival was compromised (Courchamp et al. 2000a) . This moderate success of small packs might reflect the abundance of small prey (Woodroffe et al. 2007b) or comparatively low density of competing predators in the study area. However, small packs also have been recorded breeding successfully in HluhluweiMfolozi (Somers et al. 2008) , where prey are larger and competitors more abundant.
Although evidence of a component Allee effect was found, this did not translate into a demographic Allee effect. Population density increased substantially over the course of the project, but no associated changes in vital rates were observed, and population growth rate might have declined with population size rather than increasing. This mismatch between component and demographic Allee effects probably occurred because pack size was unrelated to population size. This pattern is not surprising, because although population size is determined ultimately by the balance of birth and death rates, pack size is determined primarily by the behavioral decision of nonbreeding subdominants to stay or disperse. In cooperatively breeding species scarcity of territories can increase the benefits of remaining as a helper relative to dispersing and trying to breed independently (Emlen 1982) , potentially generating large groups at high population densities. However, territory availability appears not to have limited this population during the study period. Decelerating growth in the area of occupied land suggests that much of the suitable habitat was occupied toward the end of the study, but the number of packs occupying the study area was still growing; territory size remained constant as the population grew, although overlap increased (Woodroffe 2011) . This continued availability of territories-and hence breeding opportunities beyond the natal pack-might explain why packs in this study were somewhat smaller than those in highdensity populations in Selous and Okavango (Table 2) , with a consequently greater proportion of females breeding and hence faster population growth (see above). The apparent (albeit nonsignificant) decline in population growth at higher densities is consistent with density dependence reported for wild dogs by Somers et al. (2008) and Ginsberg et al. (1995) , and for gray wolves by Hayes and Harestad (2000) , and suggests that the population could be approaching carrying capacity. If so, pack size might now begin to increase as dispersal opportunities become curtailed.
Little evidence was found that people suppressed population recovery during the study period. On community lands, where densities of people and livestock were relatively high, population parameters for wild dogs were indistinguishable from those on commercial ranches where human and livestock densities were markedly lower. Greater human impacts on vital rates on community lands might in principal have been FIG. 5.-Life-cycle diagram for the African wild dog study population. Plain text shows estimates of vital rates (%); rates of pup and yearling survival refer to both sexes, but adult survival is for females. Italics indicate the elasticity, followed by the sensitivity, of the estimated rate of population change (l) to changes in each vital rate.
balanced by correspondingly greater predator impacts on commercial ranches; however, the similarity in mortality causes in the 2 land uses suggests that this was not the case. It is particularly noteworthy that the rising density of wild dogs was not associated with increased conflict with people. Conflict probably remained low because wild dogs consistently avoided areas of human habitation (Woodroffe 2011) , because wild prey remained available , and because traditional livestock husbandry practices effectively deterred depredation (Woodroffe et al. 2006) . The main cause of mortality, infectious disease, potentially was linked to humans because domestic dogs are a likely reservoir of rabies (Lembo et al. 2008 ). However, although disease appears to have contributed to an episode of high mortality in 2006, this had no detectable effect on population growth.
Likewise, little evidence was found for suppression of population recovery by competing predators. Population parameters were similar on commercial ranches and community lands, despite marked differences between land uses in the densities of competing predators. Once again, the similarity in mortality causes in the 2 land uses provides no evidence that greater predator impacts in 1 land-use type balanced greater human impacts in the other. The impact of competing predators might have been small because lion and hyena densities were fairly low relative to other areas. However, predator density likewise did not constrain the growth of reintroduced populations in South Africa .
Analysis of the population matrix showed that adult survival had the greatest elasticity and sensitivity, indicating that changes in this vital rate had the greatest effect on l. This is a common pattern in larger mammals (Heppell et al. 2000) . Creel et al. (2004) reported that pup and yearling survival had the greatest elasticities and argued that conservation measures should therefore target these life stages. However, they considered vital rates in nine or ten 1-year steps rather than adopting a single adult age class, as in this study. Their estimates of elasticity therefore concern narrow age ranges; for example, altering the mortality of 5-year-old females while that of females aged 3, 4, 6, and so on remained constant. These changes have only small effects on l, compared with altering the mortality of all females aged 2 years (as here). Although pups and adults experience different mortality factors (Woodroffe et al. 2007a) , few potential threats are likely to act selectively on specific adult year-classes. The simpler model therefore could be more informative for conservation planning. However, because threats vary between sites, local conservation plans are far more useful than general recommendations (Woodroffe et al. 2007a) .
Overall, the findings from this study are encouraging for managers charged with conserving wild dogs. They show that, despite earlier concerns (Woodroffe et al. 1997) , wild dogs can be conserved on unprotected lands and that recovery can be achieved more readily than has been predicted from modeling studies (Courchamp et al. 2000a ). This recovery has been facilitated by land-use practices within the area (Woodroffe 2011), which have maintained extensive, well- Adults and yearlings of both sexes, calculated for Selous from mean pack size of 18.9 including pups, and density estimates with and without pups cited in Creel et al. (2004 
